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1. Introduction 

From time out of mind, men wish to know more about the world surroimding them and, in 
particular, to imdersta nd the origin of the m atter. However, only in the late 1950s, thanks to 
th e pioneering wo rk of iBurbidge et al.l il957l. the famous B^FH) and the independent analysis 
of|C amero the basic principles of explaining the origin of the elements were laid down 

in the theory of nucleosynthesis, giving rise to a dedicated, interdisciplinary field of research 
referred to as "nuclear astrophysics". 

Since the early days of its development, nuclear astrophysics has improved at an impressive 
pace. Nowadays, it is a peculiar mixing of knowledge that blends the progresses 
in experimental and theoretical nuclear physics, groimd-based and space observational 
astronomy, cosmochemistry, and theoretical astrophysics. 

Different works have been devoted to review the achievements reached by the nuclear 
astrophysics, either providing a n overall picture of this field of r esearch ( e.g. Arn ould & 
Takahashi, 1999; Tordi & Iliadis, l201lt iRauscher & PatkosI, l201lt IWallerste in et all [l997). 



or focusing on v arious its subfields such as t he Big-Bang nucleosynt hesis and primordial 
abundances (e.g. Ilocco et all l2009l: ISteigmarTl l2007l;Tiytler et all 20001), the nucleo synthesis 
mec hanisms of specific types of trans-iron elernents (e.g.lArnould & Gorielvll2003t Arnould 
et al.. '2007': 'Kappelei^. '1999': 'Kappeler et all l201ll: lMeveiV 1994*). the hydrostatic and explosive 
stellar nucleosynthesis (e.g. Busso et a lill999l;1c hiosi, 2007; Tordi & Hernanz, 20 071 VVoosley 
et al., | 2002j, and referen ces therein), the nucleosynthesis by spallation (e.g. iReevesL Il994t 
I Vangioni-Flamet "aP. I200Q) . the experimental techniques and theoretical methods used to 
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investigate nuclear processes of astrophysical interest fe.e. lAneulol. l2009t iBaur et alJ. 12003 
' Bertulani & Gadel,l2010l:ICostantinill200^:ISpitalerll2010l:lThielemann et alJ,l200lHTypel & Baui 



2003|) 



This chapter is concerned with one of the aforementioned subfields of the nuclear 
astrophysics. In particular, it is devoted to the so-called s-process, which is a nucleosynthesis 
mechanism responsible for the production of about half of all the trans-iron elements. The 
chapter starts out in Sect. 12. II with some basic considerations on the solar system composition, 
considered as "standard of reference" dataset for cosmic abimdances. A brief description of 
the nucleosynthesis mechanisms responsible for the production of trans-iron nuclei follows in 
Sect. 12.21 Afterward (see Sect. |3), the s-process nucleosynthesis mechanism is reviewed and 
its different components are discussed. A specific attention is paid to the so-called "weak 
component" occurring in massive stars {Mzams ^ ISM©), showing its sensitivity to stellar 
mass and metallicity (see Sect. 14.11 . Moreover the uncertainties affecting the efficiency of this 
component are described (see Sect. 14.21 . placing particular emphasis upon uncertainties due 
to convective overshooting (see Sect.|5). Prospects of improvements in modeling the s-process 
weak component and their possible consequences for some open astrophysical questions are 
also briefly discussed (see Sect.|6). 

2. General considerations on the origin of the elements 
2.1 Cosmic abundances 

Whatever nucleosynthesis model is built, a comparison between the model predictions to the 
observed cosmic abundances is needed. 

Even if the possibility of defining a truly " standard" set o f obse rved cosmic abundances 
has to be considered with caution (see e.g. iGrevesse et al.l. Il996|) . the composition of the 
material from which the solar system formed ~ 5.6 Gy ago (referred hereafter also as solar 
com position) is usuallv considered as the "standard of reference" dataset fe.e. Asplund 



et al.. l2009l. and references thereinl. Such a choice is essentially due to the fact that the 



solar compositio n is the only comprehensive sample with a well defined isotopic abundance 
distribution (e.g. lArnettl. 1996; Kappeler, 1999), since it can be derived usine different sources 
of information that include, among others, the Earth, the Moon, other solar system planets, 
the Sim, meteorites, and material from the interplanetary medium. The methods employed to 
gather abimdances information combine spectral analysis (e.g. via spectroscopy of the solar 
photosphere), laboratory measurements of matter samples (e.g. via mass spectrometry of 
meteorites. Lunar glasses, and material from the Earth's crust and carried by space probes 
from the interplanetary medium), and particle detection from space-based experiments 
(e.g. via analysis of solar wind and solar energetic particles). 

Specifically, the elemental solar composition (displayed in right panel of Fig. [ij is largely 
grounded on abundance analyses of a peculiar class of uncommon meteorites — the so-called 
CI chondrites — which are believed to reflect the composition of the "primitive" solar system. 
However information derived from the Sun (i.e. using the solar photospheric spectrum, the 
impulse flare spectra, and the analysis of solar wind and solar energetic particles) have to be 
used for determining the abundances of H, C, N, O and the noble gases He, Ne, and Ar; while 
analyses based on theoretical considerations are required for the "heavy" noble gases Kr and 
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Xe. The nuclear solar composition (displayed in left panel of Fig.[TJ is determined considering 
the terrestrial isotopic compositions as the most representative ones for all the elements of the 
primitive solar system v^^ith the exception of the H and all the noble gases, for which other 
sources of informa tion (e.g. Jupite r's atmosphere, solar wind and lunar samples) are used 



(for details see e.g. LoddersI, 20031, but also the other widely used compilations of the solar 
composition b y Anders & Grevesselll989l; ICrevesse & Noelj.lT993tlGrevesse & Sauvallll99^ 



iLodders at al].l2009l and lAsplund et al.l.l2009|) 




Mass number A 



Atomic number Z 



Fig. 1. Nuclear (left panel) and elemental (right panel) solar compositions from the compilation of lLodderi 
|2003). In both panels, the abundances are normalized to 10^ Si atoms and the y axes are logarithmic. In 
left panel, only the most abundant isobar is reported for a given mass number A. 

Looking at Fig. [l] it is easy to notice that the solar distribution is clearly dominated by the 
H and He abundances, followed by a "deep" (with respect to the neighboring nuclides) 
minimum of the abundances for the elements Li, Be, and B. Subsequently, the main feature 
of the distribution is the presence of a series of peaks at the locations of the "a-elements^", 
superimposed on an exponentially decreasing curve from the A ~ 12-16 mass region down 
to the Sc, followed by a pronounced peak centered around ^^Fe. From this peak on, the 
distribution becomes fairly flat with a variety of superimposed peaks which correspond to 
nuclides having magic numbers^ of neutrons. 



As already pointed out by iBurbidge et al.l jl957|) . these features are a "reflection" of the 
different nucleosynthesis processes responsible for the production of the various isotopes. 
Even without going into details because it is out of the purpose of this chapter (for details 
the interested reader is referred to the reviews/books oflArneti.ll996l:lArnould & Takahashil. 
ll999l:IClayto"J.ll983tlTordi & Iliadisl.l2oTllKappeleil.ll999l:lRolfs & Rodneyl.ll988l. and references 
therein), we remind that the nuclides with A < 12 are produced by Big-Bang nucleosynthesis 
and via spallation mechanisms. The minimum at the elements Li, Be, and B primarily 
reflects the difficult to synthesize such rare and fragile nuclides due to the stability gaps 
at A = 5 and 8. Various charged-particle induced reactions, which occur inside the stars 
during quiescent evolutionary phases and are accountable for the stellar energy production. 



^ Alpha-elements are so-called since their most abundant isotopes are integer multiples of the mass of the a particle. 

The most abimdant are ^'^O and ^-C, followed by ™Ne, -''Mg, ^''Si, ^^S, ^"^Ar, and *°Ca. 
^ In the nuclear shell model, a magic number is a number of nucleons (either protons or neutrons) such that they can 

be arranged into complete shells within a nucleus. The seven most widely recognised magic numbers are: 2, 8, 20, 28, 

50, 82, a nd 126. Nuclei co nsisting of such a magic number of nucleons have a particularly tightly bound configuration 

(see e.g. lPovh et"alll2008l for details). 
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are instead responsible for the nucleosynthesis of all the elements from the A ~ 12-16 mass 
region up to the region of the iron peak. The exponentially drop in the elemental abundances 
up to the Sc is just related to the increase of the Coulomb barrier with increasing the nuclear 
charged of the particles involved in the different charged-particle induced reactions, that 
increasingly hampers such reactions. Exceptions to this trend are the peaks at the locations 
of the a-elements and the iron peak. The greater stability of these nuclei (compared to 
the one of the neighbouring nuclides) leads to a their more abundant production and, 
consequently, gives rise to the above mentioned local maxima in the solar distribution. Finally, 
neutron capture chains and an additional mechanism characterized by photo-disintegrations 
of preexisting nuclei are called for in order to synthesize the trans-iron elements, as better 
described in the following Sect. 12.21 Indeed, if the trans-iron elements had been synthesized 
by charged-particle induced reactions, the peaks present in the trans-iron region of the solar 
distribution would not be explained and the abundances of the trans-iron elements would 
exhibit a much higher decrease (with the mass number A) than the one actually observed in 
the solar distribution. 

2.2 Nucleosynthesis mechanisms for the production of trans-iron nuclei 

The stable trans-iron nuclides can be classified into three categories according to their position 
on the chart of nuclides (see Fig.|2j: those located at the bottom of the valley of nuclear stability, 
called the s-nuclei, and those situated on the neutron-deficient or neutron-rich side of the 
valley, named the p- or r-nuclei, respectively. 

As pointed out above, the charged-particle induced reactions are not able to account for the 
production of these three types of trans-iron nuclides, which are instead primarily produced 
by three different mechanisms, naturally referred to as the s-, r-, and p-processes. 

The first two processes (namely, s- and r-processes) can take place through neutron captures 
and subsequent /3-decays in astrophysical environments where at least one neutrons source 
is working efficiently (e.g. Kappeler, 1999). As a result of each (n, 7) capture reaction, a 
generic nucleus (Z, A) is transformed into the heavier isotope (Z, A+1). If this isotope is stable 
against /5-decay, an additional neutron capture can take place, leading to the isotope (Z, A+2). 
Otherwise, if the produced isoto pe is unstable, it can either decay into the isobar (Z+1, A+1) 
or capture another neutron (e.g. lClaytonl,ll983) . The question whether this unstable isotope 
decays or captures a neutron depends on the values of Tp and t,,^, which are the /3-decay 
lifetime and the average time between two successive neutron captures for such unstable 
isotope, respectively. If the relation ^ t„j is valid for the majority of the imstable nuclides 
involved in the nucleosynthesis process, the sequence of neutron captures and /3-decays is 
called s-process ("s" stands just for "slow" neutron capture); otherwise, if neutron capture 
proceeds on a rapid time scale compared to the /3-decay lifetimes (i.e. relation <C t„j is 
valid for the majority of the unstable nuclides), th e sequence of reactions is named r-process, 
where "r" stands for "rapid" neutron capture (e.g. lRolfs & Rodneyl.ll988| ). 

Fig. |3] reveals that the s-process involves the addition of neutrons to seed nuclei, which are 
nuclear species of the iron peak region (mainly ^^Fe). In particular, this nucleosynthesis 
process produces nuclei from the A ~ 60 mass region up to ^'^^Bi, closely following the valley 
of nuclear stability. Indeed, since the neutron capture is slow compared to the /3-decay rates, 
the neutron capture chains move through the stable isotopes of a given element until an 
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Fig. 2. Chart of nuclides where bound nuclear systems are reported as a function of the neutron 
number N (x axis) and the proton number Z {y axis). The brown squares represent stable plus very 
long-lived (Ufetime > 10^ yr) nuclei that define the so-called valley of nuclear stability. The red lines 
show the magic numbers for the valley of nuclear stability. The pink region designates the zone of 
unstable nuclei that has been explored in laboratory; while the green region indicates the so-called 
"terra incognita" (Latin expression for "unknown land") occupied with unstable nuclei that remain to 
be explored. The explorable nuclear landscape is bounded by the proton drip line to the upper left and 
neutron drip line to the bottom right. Both drip lines are marked by thin lines. (Figure adapted from 
http:/ /www.pas.rochester.edu/ ~cline/Research/sciencehome.htm) 

unstable isotope is reached. At this point, a /5-decay occurs and the neutr on capture cha ins 
resume in the element having the nuclear charge increased by one unit (e.g. lClaytorJ.ll983l. for 
details). 

As with the s-process, also the r-process has the nuclides of the iron peak region as seeds. 
However, the path of the r-process moves along the extreme neutron-rich side of the valley of 
nuclear stability (see Fig.|3), where the values of the neutron binding energies approach zero 
(so-called neutron drip line; see also caption of Fig. |2). Indeed, since the neutron capture 
proceeds on very rapid time scale compared to the /5-decay lifetimes, a generic nucleus 
(Z, A) is transformed into the heavier neutron-rich isotope (Z, A+i) by a series of (n, 7) 
capture reactions. Only when it is reached a point where the (n, 7) capture reaction and 
its inverse (7, n) reaction are in equilibrium, capture reactions stop and a /3-decay can occur, 
transforming the nucleus (Z, A+i) into its isobaric neighbour (Z+1, A+i). A this point, the chain 
of capture reactions restarts and the nucleus (Z+1, A+i) absorbs neutrons until the balance 
between capture reactions and photodisintegrations is again reached for its isotopic neighbour 
(Z+1, A+i+k). This recurring sequence of "neutron captures plus /3-decay" reactions where it 
is necessary to "wait" a /3-decay prior of restarting another series of neutron captures leads 
to a so-called waiting point on the N-Z plan. In particular, if the r-process path reaches a 
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Fig. 3. Paths of the s- and r-processes in the N-Z plan. Both processes start with the nuclides of the iron 
peak region (mainly ^''Fe) as seeds. The s-process path (blue line) follows the valley of nuclear stability 
and stops at the ^"^Bi, after which one enters the region of ft-instability. The r-process path (red line) moves 
far to the neutron-rich side of the valley of nuclear stability, bypasses nuclei with natural (V-radioactivity 
(which stops the s-process path), and terminates by /5-delayed fission and neutron-induced fission at 
A ~ 270 (e.g. lThielemann et alj,l200ll) . The chains of /5-decays from the path of the r-process towards 
the valley of nuclear stability, which occur after the r-process neutron irradiation, are schematized by a 
dashed line. The sequences of waiting poi nts at nuclei with magic neutron numbers N,„ = 50, 82, and 126 
are also highlighted. (Figure adapted from lRolfs & Rodneyl lT988) 

nucleus with a magic neutron number N„,, the next heavier isotope with Nm+1 neutrons has 
a relatively small neutron binding energy and it is relatively easy to reach the equilibrium 
between the (n, 7) capture reaction and its inverse (7, n). Consequently, the sequence of 
neutron capture events stops and, after one neutron capture and a subsequent /5-decay, the 
(Z, Nm) nucleus is transformed into its isobaric neighbour (Z+1, N,,,), which is again a nucleus 
with the same magic number N,,, of neutrons. Therefore, it is expected the occurrence of a 
series of waiting points at the same magic neutron number N,,,, that increases the Z value by 
one unit at a time and moves the resulting nuclei nearer and nearer to the valley of nuclear 
stability. Only when these nuclei are enough close to the valley of nuclear stability that 
the neutron binding energy becomes sufficiently large to break through the neutron magic 
bottleneck at N,,,, the chain of capture reactions restarts (e.g. see in Fig. |3] the sequences of 
waiting points at nuclei with N,,, = 50, 82, and 126). After the synthesizing event (when the 
neutron irradiation stops), the very neutron-rich unstable nuclides undergo chains of /3-decay, 
which end at the most neutron-rich stable isobar for each value of A. In this way, it is possible 
to produce either neutron-ric h stable nu clei bypassed by the s-process'' or nuclides lying also 
on the s-process path (see e.g. lArnould & Takahashi..l999,;.Arnould et al....200Z:.Clayton..l98 
iRolfs & Rod"n£yl.ll988l. for details). 



^ Such neutron-rich stable nuclei are referred to as "r-only" products. Similarly, nuclides produced by the s-process and 
bypassed by the r-process are referred to as "s-only" nuclei. 
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The p-process is instead responsible for the production of proton-rich isotopic species (named 
p-nuclei), which are skipped by the s-process and r-process paths because they are "shielded" 
from formation both via /3-decay by the presence of other stable isobars and via neutron 
capture by the lack of other less massive stable isotopes (neutron capture will obviously 
never bring a more massive stable isotope to a lighter one). The general consensus is that 
the p-nuclei are synthesized through "photo-erosion" of neutrons, ct particles and protons 
involving heavy {A > 75) isotopes previously formed via the s- and/ or r-processes. A variety 
of astrophysical sites (e.g. the Ne-O-rich layer of massive stars during their pre-supernova 
phase or their explosion as core-collapse supernova, the C-rich zones of Chandrasekhar-mass 
white dwarfs exploding as Type la supernovae, and the exploding sub-Chandrasekhar mass 
white dwarfs on which He-rich material has been accreted from a companion star) have been 
identified as possible active p-nuclei contributors, but a complete and self-consistent model 
for the origin of the p-isotopes remain to be soundly based (for details see e.e. Arnould & 
Goriely, 20031, and references therein"). 



3. The s-process 

3.1 An analytical approach: the trN-curve and the different components of s-process 

As mentioned above, the path of the s-process follows the valley of nuclear stability, 
synthesizing about half of all the trans-iron elements. The time dependence of the abundance 
of these synthesized nuclei can be described on first approximation* using an analytical 
approach. It is based on the assumption that the relation ;» t„^ is valid for all the 
imstable nuclides involved in the nucleosynthesis process and, consequently, that a generic 
imstable nucleus (Z, A+1) immediately decays into its isobar (Z+1, A+1), which is usually 
stable. Although this assumption does not hold in every instance (cf. Sect. 13.21 , it enable 
us to describe the s-process in a relatively simple way and with no general da mage to the 
theor etical description of this nucleosynthesis process (e.g. IClayton, 1983; Rolfs & Rodneyl 
Il988l, for details). Indeed, according to such assumption, one can neglect the abundances of 
imstable species and assume that, fixed the mass number A, there is only one stable nuclide 
with a given Z (i.e. only one isotope for each element) involved in the nucleosynthesis process. 
As a consequence, the time dependence of the abimdance N^i^ of the nuclei synthesized by 
the s-process can be written as 

= N„it)NA-i{t) < av >A-i -N„{t)NAit) < av > a, (1) 

where N„(t) is the neutron density at time t, while < av >a-i arid < av >a are the reaction 
rate of the capture reaction involving the isotope with mass number A — 1 and A, respectively. 
The first term on the right side of the above equation describes the production of an isotope 
with mass number A by neutron capture of its lighter "neighbour" with mass number A — 1, 
and the second one represents the destruction of the isotope with mass number A, again due 
to a neutron capture reaction. All the terms in the equation are time-dependent because of 
their dependence upon the temperature that, in turn, depends on the time. 



^ A dedicate d numerical modelling is required for a more detailed des cription {see e.g. the numerical approaches 
described in lPignatari et allboosilprantzos et allll987i|Pmno et al.ll201oi and references therein). 

^ The abundance is labeled only by the mass number A and not additionally by the nuclear charge Z because the latter 
quantity is uniquely defined within the aforementioned assumption that there is only one stable nuclide with a given 
Z involved in the nucleosynthesis process. 
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Relation [T] defines a set of coupled differential equations, which can be solved analytically 
under the additional assumption that the temperature is essentially constant during the 
event of neutron irradiation. Indeed, with this further hypothesis, it is possible to replace 
< av >A-i with (Ta-i vt, where ca-i is the Maxwellian-averaged neutron-capture cross 
section for the isotope with mass number A — 1 and vj is the thermal velocity given by the 

relation vj ~ ( ^ 1 , in which k and T have their standard meaning of Boltzmann constant 
and temperature, and M„ is the neutron mass (see e.g. iRolfs & Rodneyl, Il98d for details). 
Similarly < av > a can be replaced with a a vj and, consequently, relation[T]becomes 

= vjN„{t) [NA-i{t)aA-i - NAit^A] . (2) 

Moreover it is possible to introduce a new variable, the so-called time-integrated neutron flux 
T, which is a measurement of the total neutron irradiation per unit of area and is defined as 
T = vj N,i{t)dt. Replacing the time t with this new variable t, the relation|2]reduces to 

^I^=aA-,NA-,-aANA, (3) 
where the rate of change of the Na is now with respect to t. 

The process described by the set of coupled equations |3] has the property to be 
"self-regulating" (see also lClaytonl,ll983llRolfs & Rodneyl,ll988l) , that is the tendency to reach 

a state of equilibrium where '^^"'J'^ — ^ aA-iNA-i — cta^A — constant. For a true 
equilibrium condition in the s-process, the aN value should be strictly constant over the 
whole mass region from ^^Fe up to ^'^^Bi. However, looking at Fig. ID it is easy to notice 
that such a condition is only satisfied locally in mass regions between magic neutron numbers 
and, for that reason, the condition is called the local condition approximation. 

The existence of a local equilibrium indicates that the observed distribution of U/i Na can not 
be generated by a imiform exposure of iron-peak nuclei to a single neutron flux, but it is 
necessary a superposition of different exposu res to various n eutron fluxes. As a consequence, 
the quantity aA Na can be written as (see e.g. lClaytoiilll983l for details) 



<^aNa = / p{t)i7N{t) dT, 
Jo 



where |0(t) represents the continuous distribution of multiple neutron exposures and is 
defined by the following relation 



p(t) oc —exp I — — I 

To ^ V Toy 



in which tq is a parameter representing the mean neutron exposure. 

It is foimd (see e.g. IClaytonl[l983l;lKappelerl,[T999HKappeler et al.l,l201ll;lRoIfs & Rodn"i^,ll988l) 
that at least two exponential neutron exposures, Pi{t) and |02(t), are necessary to roughly 
reproduce the cta Na curve reported in Fig. H) The first one, called weak component, has 
a relatively low mean neutron exposure {tq -[ — 0.06 neutrons millibarn^^, with 1 neutron 
millibarn^^ = 10^'' neutrons cm^^) that allows for the synthesis of s-species in the 60 < A < 90 
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Fig. 4. Observed distribution of the product as a function of the mass number A for the s-only 

nuclei. The neutron-capture cross section u is measured at 30 keV in millibarn, and the abundances are 
tlie solar ones (normalized to 10*" Si atoms). The solid lines represent theoretical calculations for the single 
exponential distribution p^ij) (both pa nels) and for the simi o f the exponential distributions pi (t) + P2(t) 
(bottom panel). (Figures adapted from lRolfs & Rodnevl,ri98g) 

mass range (see also the red line in bottom panel of Fig. The second one, called main 
component, has a higher mean neutron exposure (j^^i — 0.25 neutrons millibarn^^) and 
allows for the synthesis of the remaining s-nuclei. 
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3.2 The s-process branchings 

As above mentioned, the analytical approach discussed in the previous Sect. 13. H is based on 
the assumption that the relation 2> t,,^ is valid for all the unstable nuclides involved in the 
nucleosynthesis process. However, the s-process path can actually encounter unstable nuclei 
for which the decay rate becomes comparable to the neutron capture rate (i.e. — Tnj). 
This leads to a splitting of the path, which is called s-process branching. As a consequence, 
a fraction of the s-process flow proceeds through neutron capture, while the other one goes 
through the /3-decay (see Fig.|5). 
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Fig. 5. A section of the chart o f nuclides showing the s-process branching at the isotope ^^*Lu (highlighted 
in red). (Figure adapted from lRolfs & Rodneylll98§) 

A comparison of abundances of nuclei reached at a branching starting at a nucleus with mass 
number A can provide information on the physical conditions of the environment in which 
the s-process takes place, through the analysis of the so-called branching ratio R defined as 



R 



1 



Tg N„ < (TV >A 



Indeed, the above mentioned ratio can be also deduced directly from the observations, 
considering that R can be also written in terms of the observed values of N as R = 

& (<tN)a+i 

01 R = l^l^j^'^ ~ 1- As a consequence, if is temperature-independent and < av >a is 
known, the observed ratio R can provide information about the s-process neutron density 
N„. Instead, if N„ is known, the ratio R can become a sensitive s-process "thermometer" 
or "barometer", every time that the s-pro cess branching involve s reactions which critically 
depend on temperature or density (see e.g. lRolfs & Rodneyl.ll988l. for details). 

3.3 Actual sites of the s-process 

To have a more complete picture of the s-process it is necessary to individuate the 
astrophysical sites where the s-process can take place, keeping in mind that more than one 
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s-process component is required in order to explain the observed solar distribution of s-nuclei 
abundances. 

Current views on the subject suggest that the main and weak components of s-process 
correspond, in terms of stellar environm ents, to two distinct categories of stars in different 
evolutionary phases (e.g. lKappeleil.ll99^ . 

In particular, the main component is associated with low-mass stars {Mzams ~ 1-5 ~ 3M(;)) 
during their thermally pulsing asymptotic giant branch (TP-AGB) phase, when the H- and 
He-burning shells surrounding the degenerate stellar core are alternately activated. The 
predominant neutron source is the ^^C(a,n)^^0 reaction, but the ^^Ne(a,n)^^Mg reaction can 
be also marginally activated, leading to a variation of some abundance ratios of nuclides 
belonging to s-process bra nchings (for details on main component the interested read er is 
referred to the reviews of IBusso et all Il999l: iKappeleil. Il999l: iKappeler et all 1201 ll. and 
references therein). 

The weak component occurs in massive stars (M^ams ^ 13Mf.,) primarily during their core 
He-burning phase, and the most important neutron source is the ^^Ne(a,n)^^Mg reaction. 
This reaction is efficiently activated only at the end of the core He-burning phase, when 
the temperature is > 2, 5 x 10® K. The available ^^Ne is produced at the beginning of the 
core He-burning phase via the reaction sequence ^^N{a,j)^^F{e+ v)^^0{a,yf^Ne, where ^''N 
der ives from the CNO c ycle activated during the previous H-burning phase (for details see 
e.g. lWoosley et al.ll2002l and references therein). 

In addition to these two components, other kinds of stars, such as massive AGB (Mzams ~ 
4 — 7Mq) and super- AGB stars ending their life as NeO w hite dwarfs (Mzams ~ 7.5 — IOMh; 
for details see e.g. Fig. 1 in Pumo et al. 2009b, but also lFumo"&Si ess 2007 or |Pumdl2007l 
and references therein), could also contribut e to the nucleosynth esis of s-species, but this 
hypothesis still needs further investigation ^Pumo et all l2009al. and reference s therein). 
M oreover, some studies <Busso et allll999l:lGallino et al.l.ll998l:lGorielv & Siessl.l2004l; Luearo et 
al., l2003l) suggest the existence of a "strong" component, which occurs in low-metallicity stars 
of low-intermediate mass during the TP-AGB phase, and which is sup posed to be responsible 
for the synthesis of "massive" (around ^''^Pb) s-species. Furthermore. iTravaglio etaP i2004|) 
propose the existence of an additional component referred to as lig hter element primary 
s-process (LEP P), but its nature is still unclear and under debate (e.g. IPignatari et al].l20ld: 
ITu7 et al.l.l2009l. and references therein). 

4. Production of s-nuclei in massive stars 

4.1 Sensitivity to stellar mass and metallicity 

There is a wide consensus about the main characteristics of weak compo nent of the s-pro cess 
and, in particular, about its sensitivity to stellar mass and metallicity (e.g. lKappeleil.ll99^ . 



As for the dependence on the stellar mass, quantitative studies (see e.g. IPrantzos" et al.lll99d: 
iKappeler et al]ll994l: iRayet & Hashimotoll2000l: iThe et al.ll2000l. l2007h show that the s-process 
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weak component efficiency^ decreases with decreasing initial stellar mass, and that the shape 
of the distribution of the overproduction factors as a function of the mass number essentially 
does not depend on the initial stellar mass value. This behavior is connected to the fact that 
the reaction ■^^Ne(a, n)'^^Mg becomes efficient only for T > 2, 5 x 10^ K, so the production 
of s-nuclei is more and more efficient when the initial stellar mass is increased, because more 
massive models burn helium at a "time averaged" higher temperature; however the ratio of 
the overproduction factor F, of a given s-only nucleus i to the average overproduction factor 
Fg (see footnote |6] for details on F, and Fp) remains fairly constant irrespective of the stellar 
mass, so the shape of the distribution of the overproduction factors does not change when the 
initial stellar mass is increased (see also the behavior of the s-only nuclei distribution in Fig.|6). 

As for the effect of metallicity, th e s-process weak component efficiency depends on the 
so-called source/seed ratio'' (see e.g. iPrantzos et alj, ll99Ct iRayet & Hashimotol, 120001) . If the 
source/seed ratio is constant with the metallicity Z, the efficiency is expected to increase when 
increasing the Z value, because the effect of the ^^O primary poison becomes less important 
when the abundances of the source nuclei increase with Z. For a non-constant source/seed ratio 
that increases when decreasing Z, the efficiency (measured in terms of the number of neutrons 
captured per initial ^^Fe seed nucleus nc; see also footnote[6j has a non-linear behavior with Z, 
which reflects the interplay between two opposite factors: from one hand, the aforementioned 
role of the ^^O primary poison, which tends to decrease nc with decreasing Z, because its 
abundance remains the same independently of Z, so its relative importance increases as Z 
decreases; on the other hand the effect of the increased source/seed ratio, which tends to 



^ Usually the s-process ef ficiency is analyzed in terms of the following efficiency indicators (see e.g. lPrantzos et aljl987t 
iThe et alj2o"oalCosta et al. 2006: Pumo et al. 2006, 



the average overproduction factor Fq for the 6 s-only nuclei ™Ge, ^^Se, ^^''Kr, *^^Kr, ^^Sr and ^^Sr, given by 

= ^ F, = = 6 

where F, is the overproduction factor, X, is the mass fraction (averaged over the convective He-burning core) of 
s-only nucleus / at the end of s-process, X; is the initial mass fraction of the same nucleus, and is the number 
of the s-only nuclei within the mass range 60 < A < 87; 

the maximum mass number A,„^v for which the species in the 60 < A < A,,,,,^ mass range are overproduced by at 
least a factor of about 10; 

the number of neutrons captured per initial ^^'^Fe seed nucleus n^ defined as 

209 r 



lYA-YAm 



^56(0) 

where Yss (0) is the initial number fraction of ^^Fe, Ya is the final number fraction of the nucleus with mass number 
A, and Ya{0) is the initial one. 

In addition to the previous parameters, the maximum convection zone mass extension and the duration of the 
nucleosynthesis event are also used for characterizing the efficiency of the s-process weak component during the 
core He-burning. 

Considering that the ~^Ne is the main neutron provider during the core He-burning phase and neglecting all the 
heavier ^^Fe nuclei, one obtains: 

source/seed c:^ ^^Ne/^^Fe. 

This last quantity approximately corresponds to the ^^N/ ^^Fe ratio at the end of the core H-burning pha se which, in 
turn, is roughly equal to the 0/-^^Fe ratio at the ZAMS (see lPrantzos et al.l[l99otlRavet & Hashimotoibood for details). 
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Fig. 6. Overproduction factor at the end of the core He-burning as function of the mass number A 
for stellar models of different initial mass (namely, Mzams = 15, 20, 25, and SOM : ). All the stable 
trans-iron nuclei of the network used to simulate the s-process are reported. The primary nucleosynthesis 
production process of each nucleus is indicated by the symbol type. (Figure adapted from iThe et al.. 2007i) 



increase ric with decreasing Z, because the number of available neutrons per nucleus seed 
increases as Z decreases. 

4.2 Sources of uncertainties 

Although the general features of the s-process weak component seem to be well established, 
there are still some open questions linked to the nuclear physics, the stellar evolution 
modeling, and the possible c ontribution to the s-nucleosynthesis from post-He-burnin g stellar 
evolutionary phases (see e.g. lCosta et"aD.l2006l:IPim\o et al.l.l2006l:IWoosley et alLllOO^) . 

The uncertainties due to nuclear physics are linked both with the reaction rates of reactions 
affecting the stellar structure evolution (as, for example, the triple-alpha, the ^^C{tx,j)^^0 and 
the ^■^C + ^^C reactions) and with reaction rates on which the so-called "neutron economy" 
(i.e. the balar i ce be t ween neutron emission and captures) is based. Many works (s ee e.g. 
iBennett et all l20ld [Hoffman et all, l200ll iKappeler et alj, IT993; iPienatari et alj,l20ld Ravet 



& Hashimoto. l200dlThe et al.l.l2000H2007l:lTur et alJ.l2007l:l2009|) have been devoted to analyze 
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these uncertainties, showing that such uncertainties still affect significantly the s-process weak 
component efficiency. 

The contribution to the synthesis of s-nuclei during the post-co re-He-bu rning evolutionary 
phases was also exp l ored by many authors (see e.g. lArcoraei e t al. 19 9ll: iRaiteri et al] | l993t 
iThe e t al." 2000, 2007; Hoffman et al. 2001; Rauscher et al."2002 l;iLimongi & Chief fill2003l; Tur 
et al . i 2007„ .2009,), including in some cases the explosive burning ( see e .g. iHoffman et al.l 
I2OOII: iRauscher et "aD l2002l: iLimongi & Chieffill2003l: iTur et al.ll2007ll2009|) . All these studies 



have shown that a significant production of s-nuclei in massive stars can continue during the 
post-core-He-burning evolutionary phases and that the abundance of s-nuclei ejected in the 
interstellar medium after the core-collapse supernova events can be substantially modified by 
the explosive nucleosynthesis. 

As for the impact of uncertainties owing to stellar evolution modeling, the determination of 
the size of the convective core and, more in general, of the mixing regions represents one of 
the major source of uncertainties still affecting the s-process weak component efficiency, as 
described in detail in the next Sect.|5] 

5. Role of the convective overshooting 

The determination of the mixing regions and, in particular, of the size of the convective core 
can directly affect the efficiency of the s-proc ess nucleosynthesis by influencing th e chemical 
and loca l temperature stratification (see e.g. ICanxitol.ll997tlDeng & Xiongll2008t Molawi & 
Forestini, Il994l) , by determin ing the amount of stellar material which experiences neutron 



irradiation (see e.g. iLanger et al . , 1989,), and by g iving rise to a variation of the s-process 
lifetime (see e.g. lCosta et al.l.l2006i;|Pumo et al.l.l20ia) . 



The convective core's extension of a star with a given initial mass and metallicity is determined 
in turn by a series of physical parameters such as the choice of the convective instability 
criterion (Schwarzschild's or Ledoux's criteri a), the extra mixing processes induced by axial 
rotation and convective overshooting (see e.g. lChiosi et al. l, ll992tlWoosley et alj.l2003) . 

A series of studies have been devot ed to analyze the effects of these physical paramet ers on the 
evol ution of m assive stars (see e.g.'Mevnet & Maedei^'1997','2000'; Hege r et al llOOd Wooslev 
et al.|2002l;lHirschi et al. 2004; Limongi & Chieffi 2006; El Eid et al. 200 9) and to ex amine the 
corresponding impact on the s-process weak co mponent (see e.g.lCosta et alj,l2006t Langer et 
al.' !l989: .Pi gnatari et al 2008j.Pumo et aL. ,2006.). 

As far as the convective overshooting is concerned, one finds that this extra mixing process 
leads to an increase of the convective core mass (see also Fig. and to a variation of the 
chemical and temperature stratification that, in turn, tend to enhance the s-process weak 
component efficiency, by giving rise to an increase of the amount of ma terial that experien ces 
neutron irradiation and to a variation of the s-process lifetime (see e.g. lCosta et al.l.l2006l. for 
more details). 

Recent works dCosta et al.l, |2006|; iPumo et al.l, |2006|; I2OIOI) have been devoted to perform a 
comprehensive and quantitative study on the impact of the convective overshooting on the 
s-process, using a diffusive approach to model the convective overshooting (for details see e.g. 
iFreytag et al.l,ll996l;lHerwig et alj,ll997l and reference therein). The results show that models 
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Fig. 7. Mass extension of tlie convection zone (in unit of Mir) during the core He-burning s-process 
as a function of time (measured from the core He-burning ignition) for a Z=0.005, M=20M,:i model 
with (dotted line) and without (red d ots) convective ov ershooting. Details on the input physics used 
to calculate the models can be found rn lPumo et all <20ld) . 

with overshooting give a higher s-process efficiency compared with "no-overshooting" 
models, with enhancements for the main s-process indicators Fq and until a factor ~ 6 
and ~ 3, respectively. 



6. Final remarks 

The results reported in Sect.|5]clearly show the high level of uncertainty (up to a factor ~ 6) in 
the modeling of the weak s-process component due to the current lack of a self-consistent 
theory describing mixing processes inside the stars, indicating that a detailed scrutiny of 
the impact of the stellar evolution modelling uncertainties on this component remain to be 
performed prior to giving a final conclusion on the the s-process weak component efficiency. 

In particular, prior to giving a final conclusion on the possible contribution of post-He burning 
phases to the s-process yields from a quantitative point of view, some additional investigation 
taking into account stellar evolution uncertainties in addition to the nuclear physics ones 
should be performed. Moreover, this ad ditional investigation may shed light on different 
open questions (see also lFumo et alll201Cll) linked, for example, to the effective existence of the 
LEPP process and to the model for the p -process taking place in the core-collapse supernovae 
O-Ne layers (see also lCosta et al.l.l2006l. and references therein), because the relevant s-nuclei 
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are p-process seeds (cf . Sect l2.2l and see also e.g. lArnould & Gorielyl. l2003l and references 
therein). 

Acknowledgments 

M.L.P. acknowledges financial support from the Bonino-Pulejo Foundation and from the 
PRIN-INAF 2009 "Supernovae Variety and Nucleosynthesis Yields". 

7. References 

Arcoragi, J. -P.; Langer, N., Arnould, M. (1991). Neutron capture nucleosynthesis and the 

evolution of 15 and 30 solar mass mass-losing stars. II - The core carbon-burning 

phase. In: Astronomy and Astrophysics, 249, 134 
Anders, E.; Grevesse, N. (1989). Abundances of the elements - Meteoritic and solar. In: 

Geochim. Cosmochim. Acta, 53, 197 
Angulo, C. (2009). Experimental Tools for Nuclear Astrophysics, In: Lect. Notes Phys., 764, 253 
Arnett, D. (1996). Supernovae and Nucleosynthesis, Princeton Univ. Press, ISBN 0-691-01147-8, 

Princeton, New Jersey 

Arnould, M.; Goriely, S. (2003). The p-process of stellar nucleosynthesis: astrophysics and 

nuclear physics status, In: Phys. Rept., 384, 1 
Arnould, M.; Takahashi, K. (1999). Nuclear astrophysics. In: Rep. Prog. Phys., 62 , 395 

(arXiv:astro-ph/9812243) 
Arnould, M.; Goriely, S.; Takahashi, K. (2007). The r-process of stellar nucleosynthesis: 

Astrophysics and nuclear physics achievements and mysteries. In: Phys. Rept., 450, 

97 

Asplund, M.; Grevesse, N.; Sauval, A. J.; Scott, P. (2009). The Chemical Composition of the 

Sim, In: Annual Rev. of Astronomy and Astrophysics, A7, 481 
Baur, G.; Hencken, K.; Trautmann, D. (2003). Electromagnetic dissociation as a tool for nuclear 

structure and astrophysics. In: Progress in Particle and Nuclear Physics, 51, 487 
Bennett, M. E.; Hirschi, R.; Pignatari, M.; Diehl, S.; Fryer, C; Herwig, F; Hungerford, A.; 

Magkotsios, G.; Rockefeller, G.; Timmes, F; Wiescher, M.; Young, P. (2010). The effect 

of 12C + 12C rate uncertainties on s-process yields. In: journal of Physics: Conference 

Series, 202, 012023 

Bertulani, C. A.; Gade, A. (2010). Nuclear astrophysics with radioactive beam. In: Physics 
Reports, 485, 195 

Burbidge, E. M.; Burbidge, G. R.; Fowler, W. A.; Hoyle, F (1957). Synthesis of the Elements in 

Stars, In: Rev. Mod. Phys., 29, 547 
Busso, M.; Gallino, R.; Wasserburg, G. J. (1999). Nucleosynthesis in Asymptotic Giant Branch 

Stars: Relevance for Galactic Enrichment and Solar System Formation, In: Annual 

Rev. of Astronomy and Astrophysics, 37, 239 
Cameron, A. G. W. (1957). Stellar Evolution, Nuclear Astrophysics, and Nucleogenesis, In: 

Report CRL-41, A.E.C.L. Chalk River, Canada 
Canuto, V. M. (1997). Overshooting in Stars: Five Old Fallacies and a New Model, In: 

Astrophysical Journal, 601, L71 
Chiosi, C. (2007). Stellar Nucleosynthesis and Chemical Evolution of Galaxies, In: EAS 

Publications Series, 27, 25 
Chiosi, C; Bertelli, G.; Bressan, A. (1992). New developments in understanding the HR 

diagram. In: Annual Rev. of Astronomy and Astrophysics, 30, 235 



Will-be-set-by-IN-TECH 



17 



Clayton, D. D. (1983). Principles of Stellar Evolution and Nucleosynthesis, Reprint. Originally 
pubblished: New- York: McGraw-Hill [1968], ISBN 0-226-10953-4, Chicago and 
London 

Costa, v.; Pumo, M. L.; Bonanno, A.; Zappala, R. A. (2006). The s-process weak component: 
uncertainties due to convective overshooting. In: Astronomy and Astrophysics, AA7, 641 

Costantini, H.; Formicola, A.; Imbriani, G.; Junker, M.; Rolfs, C; Strieder, F. (2009). LUNA: a 
laboratory for underground nuclear astrophysics. In: Reports on Progress in Physics, 
72, 086301 

Deng, L.; Xiong, D. R. (2008). How to define the boundaries of a convective zone, and how 
extended is overshooting?. In: Monthly Notices of the Royal Astronomical Society, 386, 
1979 

El Eid, M. E; The, L. -S.; Meyer, B. S. (2009). Massive Stars: Input Physics and Stellar Models, 

In: Space Sci. Rev., 147, 1 
Ereytag, B.; Ludwig, H.-G.; Steffen, M. (1996). Hydrodynamical models of stellar convection. 

The role of overshoot in DA white dwarfs, A-type stars, and the Sun, In: Astronomy 

and Astrophysics, 313, 497 
Gallino, R.; Arlandini, C; Busso, M.; Lugaro, M.; Travaglio, C; Straniero, O.; Chieffi, A.; 

Limongi, M. (1998). Evolution and Nucleosynthesis in Low-Mass Asymptotic Giant 

Branch Stars. II. Neutron Capture and the s-Process, In: Astrophysical Journal, 497, 388 
Goriely, S.; Siess, L. (2004). S-process in hot AGB stars: A complex interplay between diffusive 

mixing and nuclear burning. In: Astronomy and Astrophysics, All, L25 
Grevesse, N.; Noels, A. (1993). Cosmic abundances of the elements. In: In Origin and Evolution 

of the Elements, ed. Prantzos, Vangioni-Elam, Casse, p 15. Cambridge, UK: Cambridge 

Univ. Press. 

Grevesse, N.; Sauval, A. J. (1998). Standard Solar Composition, In: Space Science Reviews, 85, 
161 

Grevesse, N.; Noels, A.; Sauval, A. J. (1996). Standard Abundances, In: Astronomical Society of 

the Pacific Conference Series, 99, 117 
Heger, A.; Langer, N.; Woosley, S. E. (2000). Presupernova Evolution of Rotatmg Massive Stars. 

I. Numerical Method and Evolution of the Internal Stellar Structure, In: Astrophysical 

Journal, 528, 368 

Herwig, E; Blocker, T.; Schoenberner, D.; El Eid, M. (1997). Stellar evolution of 

low and intermediate-mass stars. IV. Hydrodynamically-based overshoot and 

nucleosynthesis in AGB stars. In: Astronomy and Astrophysics, 324, 81 
Hirschi, R.; Meynet, G.; Maeder, A. (2004). Stellar evolution with rotation. XII. Pre-supernova 

models. In: Astronomy and Astrophysics, 425, 649 
Hoffman, R. D.; Woosley, S. E.; Weaver, T. A. (2001). Nucleosynthesis below A=100 in Massive 

Stars, In: Astrophysical Journal, 549, 1085 
locco, E; Mangano, G.; Miele, G.; Pisanti, O.; Serpico, P. D. (2009). Primordial Nucleosynthesis: 

from precision cosmology to fundamental physics. In: Phys. Rept., 472, 1 
Jordi, J.; Hernanz, M. (2007). Nucleosynthesis in classical nova explosions. In: Journal of Physics 

G: Nuclear and Particle Physics, 34, R431 
Jordi, J.; Iliadis, C. (2011). Nuclear astrophysics: the unfinished quest for the origin 

of the elements. In: Reports on Progress in Physics, Accepted for publication 

(arXiv:1107.2234vl) 

Kappeler, F. (1999). The origin of the heavy elements: The s process. In: Progress in Particle and 
Nuclear Physics, 43, 419 



18 



The s-process nucleosynthesis in massive stars: current status and uncertainties due to convective overshooting 



Kappeler, R; Wiescher, M.; Giesen, U.; Goerres, J.; Baraffe, I.; El Eid, M.; Raiteri, C. M.; 

Busso, M.; Gallino, R.; Limongi, M.; Chieffi, A. (1994). Reaction rates for 0-18(alpha, 
gamma)Ne-22, Ne-22(alpha, gamma)Mg-26, and Ne-22(alpha, n)Mg-25 in stellar 
helium burning and s-process nucleosynthesis in massive stars. In: Astrophysical 
Journal, 437, 396 

Kappeler, R; Gallino, R.; Bisterzo, S.; Aoki, W. (2011). The s process: Nuclear physics, stellar 

models, and observations. In: Review of Modern Physics, 83, 157 
Langer, N.; Arcoragi, J. -P.; Arnould, M. (1989). Neutron capture nucleosynthesis and the 

evolution of 15 and 30 solar-mass stars. I - The core helium burning phase. In: 

Astronomy and Astrophysics, 210, 187 
Limongi, M.; Chieffi, A. (2003). The Nucleosynthesis of ^^Al and ^°Fe in Solar Metallicity 

Stars Extending in Mass from 11 to 120 Msolar: The Hydrostatic and Explosive 

Contributions, In: Astrophysical Journal, 592, 404 
Limongi, M.; Chieffi, A. (2006). Evolution, Explosion, and Nucleosynthesis of Core-Collapse 

Supernovae, In: Astrophysical Journal, 647, 483 
Lodders, K. (2003). Solar System Abundances and Condensation Temperatures of the 

Elements, In: Astrophysical Journal, 591, 1220 
Lodders, K.; Palme., H; Gail, H-P. (2009). Abundances of the Elements in the Solar System, In: 

Landolt-Bornstein, New Series in Astronomy and Astrophysics, 4, 44 
Lugaro, M.; Herwig, R; Lattanzio, J. C; Gallino, R.; Straniero, O. (2003). s-Process 

Nucleosynthesis in Asymptotic Giant Branch Stars: A Test for Stellar Evolution, In: 

Astrophysical Journal, 586, 1305 
Meyer, B. S. (1994). The r-, s-, and p-Processes in Nucleosynthesis, In: Annual Rev. of Astronomy 

and Astrophysics, 32, 153 
Meynet, G.; Maeder, A. (1997). Stellar evolution with rotation. I. The computational method 

and the inhibiting effect of the ^-gradient. In: Astronomy and Astrophysics, 321, 465 
Meynet, G.; Maeder, A. (2000). Stellar evolution with rotation. V. Changes in all the outputs of 

massive star models. In: Astronomy and Astrophysics, 361, 101 
Mowlavi, N.; Forestini, M. (1994). Semi-convection and overshooting in intermediate mass 

and massive stars. In: Astronomy and Astrophysics, 282, 843 
Pignatari, M.; Gallino, R.; Meynet, G.; Hirschi, R.; Herwig, R; Wiescher, M. (2008). The 

s-Process in Massive Stars at Low Metallicity: The Effect of Primary ^*N from Fast 

Rotating Stars, In: Astrophysical Journal, 687, L95 
Pignatari, M.; Gallino, R.; Heil, M.; Wiescher, M.; Kappeler, R; Herwig, R; Bisterzo, S. (2010). 

The Weak s-Process in Massive Stars and its Dependence on the Neutron Capture 

Cross Sections, In: Astrophysical Journal, 710, 1557 
Povh, B.; Rith, K.; Scholz, C; Zetsche, F. (2008). Particles and Nuclei - An Introduction to Physical 

Concepts, 6th ed.. Springer, ISBN 978-3-540-79367-0 
Prantzos, N.; Arnould, M.; Arcoragi, J.-P. (1987). Neutron capture nucleosynthesis during core 

helium burning in massive stars. In: Astrophysical Journal, 315, 209 
Prantzos, N.; Hashimoto, M.; Nomoto, K. (1990). The s-process in massive stars - Yields as a 

function of stellar mass and metallicity. In: Astronomy and Astrophysics, 234, 211 
Pumo, M. L. (2007). Evolutionary properties of ~ 7-13 M0 stars and the associated 

nucleosynthesis. In: Mejn. S.A.It., 78, 689 
Pumo, M. L.; Siess, L. (2007). Post-He-Burning Phases and Final Fate of Super-AGB Stars, In: 

Astronomical Society of the Pacific, 378, 133 
Pumo, M. L.; Costa, V.; Bonanno, A.; Belvedere, G.; Pizzone, R. G.; Tumino, A.; Spitaleri, 



Will-be-set-by-IN-TECH 



C; Cherubini, S.; La Cognata, M.; Lamia, L.; Musumarra, A.; Romano, S.; Zappala, 
R. A. (2006). The role of overshooting treatment in the s-process weak component 
efficiency. In: Mem. S.A.It. SuppL, 9, 263 
Pumo, M. L.; Ventura, R; D'Antona, E; Zappala, R. A. (2009a). The "double final fate" of 
super-AGB stars and its possible consequences for some astrophysical issues. In: 
Mem. S.A.It., 80, 161 

Pumo, M. L.; Turatto, M.; Botticella, M. T; Pastorello, A.; Valenti, S.; Zampieri, L.; Benetti, 
S.; Cappellaro, E.; Patat, F. (2009b). EC-SNe from Super-Asymptotic Giant Branch 
Progenitors: Theoretical Models Versus Observations, In: Astrophysical Journal, 705, 
LBS 

Pumo, M. L.; Contino, G.; Bonanno, A.; Zappala, R. A. (2010). Convective overshooting 

and production of s-nuclei in massive stars during their core He-burning phase. In: 

Astronomy and Astrophysics, 524, A45 
Raiteri, C. M.; Gallino, R.; Busso, M.; Neuberger, D.; Kappeler, E (1993). The Weak 

s-Component and Nucleosynthesis in Massive Stars, In: Astrophysical Journal, 419, 

207 

Rauscher, T; Patkos, A. (2011). Origin of the Chemical Elements, In: Handbook of Nuclear 
Chemistry, ISBN 978-1-4419-0719-6. Springer Science+Business Media B.V, p. 611 
(arXiv:l6ll.5627) 

Rauscher, T.; Heger, A.; Hoffman, R. D.; Woosley, S. E. (2002). Nucleosynthesis in Massive 
Stars with Improved Nuclear and Stellar Physics, In: Astrophysical Journal, 576, 323 

Rayet, M.; Hashimoto, M. (2000). The s-process efficiency in massive stars. In: Astronomy and 
Astrophysics, 354, 740 

Reeves, H. (1994). On the origin of the light elements (Z<6), In: Reviews of Modern Physics, 66, 
193 

Rolfs, C. E.; Rodney, W. S. (1988). Cauldrons in the Cosmos, Univ. Chicago Press, ISBN 

0-226-72457-3, Chicago and London 
Spitaleri, C. (2010). The Trojan Horse Method in Nuclear Astrophysics, In: AIP Conf. Proc, 

1304, 192 

Steigman, G. (2007). Primordial Nucleosynthesis in the Precision Cosmology Era, In: Annu. 

Rev. Nucl. Part. Sci., 57, 463 
The, L.-S.; El Eid, M. E; Meyer, B. S. (2000). A New Study of s-Process Nucleosynthesis in 

Massive Stars, In: Astrophysical Journal, 533, 998 
The, L.-S.; El Eid, M. E; Meyer, B. S. (2007). s-Process Nucleosynthesis in Advanced Burning 

Phases of Massive Stars, In: Astrophysical Journal, 655, 1058 
Thielemann, E.-K.; Brachwitz, E; Ereiburghaus, C; Kolbe, E.; Martinez-Pinedo, G.; Rauscher, 

T; Rembges, E; Hix, W. R.; Liebendorfer, M.; Mezzacappa, A.; Kratz, K.-L.; Pfeiffer, 

B.; Langanke, K.; Nomoto, K.; Rosswog, S.; Schatz, H.; Wiescher, W. (2001). Element 

synthesis in stars. In: Progress in Particle and Nuclear Physics, 46, 5 
Travaglio, C; Gallino, R.; Arnone, E.; Cowan, J.; Jordan, R; Sneden, C. (2004). Galactic 

Evolution of Sr, Y, And Zr: A Multiplicity of Nucleosynthetic Processes, In: 

Astrophysical Journal, 601, 864 
Tur, C; Heger, A.; Austin, S. M. (2007) On the Sensitivity of Massive Star Nucleosynthesis 

and Evolution to Solar Abundances and to Uncertainties in Helium-Burning Reaction 

Rates, In: Astrophysical Journal, 671, 821 
Tur, C; Heger, A.; Austin, S. M. (2009). Dependence of s-Process Nucleosynthesis in Massive 

Stars on Triple-Alpha and ^^C(a,7)^^0 Reaction Rate Uncertainties, In: Astrophysical 



20 



The s-process nucleosynthesis in massive stars: current status and uncertainties due to convective overshooting 



Journal, 702, 1068 

Typel, S.; Baur, G. (2003). Theory of the Trojan-Horse method. In: Annals of Physics, 305, 228 
Tytler, D.; O'Meara, J. M.; Suzuki, N.; Lubin, D. (2000). Review of Big Bang Nucleosynthesis 

and Primordial Abundances, In: Physica Scripta, 85, 12 
Vangioni-Flam, E.; Casse, M.; Audouze, J. (2000). Lithium-beryllium-boron: origin and 

evolution. In: Phys. Rept., 333, 365 
Wallerstein, G.; Iben, I.; Parker, P.; Boesgaard, A. M; Hale, G. M.; Champagne, A. E.; Barnes, 

C. A.; Kappeler, R; Smith, V. V.; Hoffman, R. D.; Timmes, F. X.; Sneden, C.; Boyd, 

R. N.; Meyer, B. S.; Lambert, D. L. (1997). Synthesis of the elements in stars: forty 

years of progress. In: Reviews of Modern Physics, 69, 995 
Woosley, S. E.; Heger, A.; Weaver, T A. (2002). The evolution and explosion of massive stars. 

In: Revieu's of Modern Physics, 74, 1015 



